In this study, 18 barrows (Duroc Â Landrance Â Yorkshire) with average initial body weight of 30.72 (AE1.48) kg fitted with a T-cannula in the terminal ileum were randomly allotted to 3 treatments to determine the underlying mechanisms of the regulation role of SCFAs on the intestinal development in a pig model. The treatment groups were: (1) control, (2) antibiotics, Ab, (3) antibiotics + SCFAs (acetic, propionic and butyric acids; 61.84, 18.62, and 12.55 mM, respectively), AS. Antibiotics administration decreased total viable bacteria in the porcine feces by 10 folds (P < 0.05). Compared with the control group, pigs in the Ab group had lower SCFAs concentrations in the serum and digesta, as well as decreased SCFAs receptors abundances in the ileum and colon (P < 0.05). However, the SCFAs concentrations and SCFAs receptors abundances in the AS group were higher than those of Ab group (P < 0.05). SCFAs infusion led to alteration of the intestinal index, morphology and elevation of the intestinal development-related genes abundances and the nutrients digestibility and decreasing of the percentage of apoptotic cells when compared with the Ab group (P < 0.05). In addition, SCFAs infusion enhanced TJP1 and MUC-1 abundances and decreased the IL8 abundance in ileum and colon, which were accompanied by greater numbers of Lactobacillus spp. and Bifidobacterium spp., and less counts of Escherichia coli in these intestinal segments (P < 0.05). In conclusion, this study provides the systematic and potent evidences demonstrated that distal ileal infusion of SCFAs could stimulate intestinal growth and improve gut barrier function in a pig model.
Introduction
Carbohydrates which can't be degraded by the endogenous enzymes derived from pigs themselves are able to be utilized by gut microbiota in the hindgut, and are further transformed into short chain fatty acids (SCFAs) like acetate, propionate and butyrate.
1 Upon the production of SCFAs, acetate and propionate are rstly absorbed into the bloodstream and then transported to the hepatic cells to regulate lipid and glucose metabolism, while butyrate can be converted to ketone bodies or carbon dioxide for supplying energy to colonic epithelial cells, and the usual proportions of acetate, propionate and butyrate in gut are almost 60 : 25 : 15.
2,3 Meanwhile, the simple drop in pH values of digesta driven by SCFAs has been considered to be associated with the maintenance of microbial ecosystem, 4 and the SCFAs prole in the intestinal content can reect the metabolic interaction between microorganisms. 5 Recently, SCFAs have been proved that can activate intestinal gluconeogenesis via complementary mechanisms. 6 Intestinal mucosa epithelium is one of the most rapid proliferation tissues in the host and its turnover rate usually is 2 to 3 days. 7, 8 Previous studies have shown that SCFAs were involved in intestinal epithelial cell proliferation. An early study on rats revealed that infusing SCFAs mixture into ileum for several days resulted in elevated crypt cell production rate of small intestine, and this effect was dose-dependent of SCFAs but independent of the presence of gut bacteria. 9 Moreover, SCFAs lost such a stimulatory proliferation effect with the destroying of the vagus nerve or the sympathetic nerve in rats. 10 Furthermore, colonic infusion of butyrate or a combination of SCFAs increased the concentrations of the mucosal protein, RNA and DNA, as well as the mucosal weight of ileum and colon in rats. 11 To date, the sole study testing the effects of SCFAs infusion on pigs demonstrated caecal infusion of butyrate stimulated proliferation of epithelial cell in most intestine sites. 12 However, the inconsistent results were found in a bunch of in vitro studies, demonstrating that SCFAs may inhibit intestinal cell proliferation. Sakata rst observed this phenomenon in their continuous studies, in which examined the effects of SCFAs on cell proliferation of isolated cecal tissue of rat, and revealed that SCFAs can cause the inhibition of epithelial proliferation. 9 Likewise, butyrate treatment was found that could decrease cell viability of Caco-2 cell. 13 Owing to the big controversy in publications, the effects of SCFAs on intestine cell proliferation still needs to be further investigated.
Gut barrier consists of physical barrier, chemical barrier, biological barrier and immune barrier. Recently, several in vivo studies revealed the critical role of SCFAs in regulating intestinal barrier function. In the physiological concentration, butyrate could enhance intestinal barrier function by increasing the mRNA expression of tight junction-related genes (OCLN and TJP1) and elevating transepithelial electrical resistance (TER) in IPEC-J2 cells.
14 A recent in vitro study demonstrated that SCFAs treatment elevated epithelial oxygen consumption and resulted in highly stabilization of transcription factor HIF-1, which facilitates the reassembly of tight junction proteins and thus improves epithelial physical barrier function. 15 Besides, SCFAs have been reported to improve epithelial immune barrier function, as indicated by lower mRNA expressions of proinammatory cytokines (IL8 and IL1b) in Caco-2 cells challenged by LPS. 16 Furthermore, SCFAs can inhibit the growth and colonization of harmful bacteria on the epithelial tissues by decreasing the digesta pH. In an in vitro study, the propionic acid has been shown to reduce the Staphylococcus aureus internalization into bovine mammary epithelial cells. 17 Additionally, butyrate has been reported to promote mucin secretion through AMP-activated protein kinase (AMPK) signaling pathway, as indicated by higher mRNA expressions of MUC2, MUC3, MUC4 and MUC12 in LS174T human colorectal cells, compared to control group. 18 However, the effects of SCFAs on intestinal barrier function has been rarely investigated in vivo model. Remarkably, the pig is a better animal model for human nutrition and diseases investigation compared with rodent, since the higher similarity in anatomy and physiology existed between human and pigs. 19 Taking these into account, the objective of this study was to evaluate the effects of distal ileal infusion of SCFAs on gut development and gut barrier function in a pig model, which could help us to further understand the mechanisms through which SCFAs improves gut health.
Materials and methods

Animals, management, diets and sample collection
All animal handling procedures were approved by the Animal Care and Use Committee of Sichuan Agricultural University under permit number DKY-B20131703. A total of 18 barrows (Duroc Â Landrance Â Yorkshire, initial BW 30.72 AE 1.48 kg) equipped with a T-cannula in the distal ileum were randomly allotted to 3 treatments with 6 replicates per treatment and 1 pigs per replicate, and 3 additional pigs tted with a T-cannula were included in the procedures in case of drop outs. The treatment groups were: (1) control, (2) antibiotics, Ab, (3) antibiotics + SCFAs (acetic, propionic and butyric acids; 61.84, 18.62, and 12.55 mM, respectively), AS. Diet was formulated to meet or exceed the nutrient recommendation of NRC (2012) for 25-50 kg pigs (Table S1 †) .
All the pigs were fasted for 12 hours before installing Tcannula to the distal ileum. The internal diameter, length and wings of the T-cannulas were 1.7, 7.4, and 9.4 cm, respectively. The surgical procedure and post-operative care were conducted as described by Nyachoti et al. (2002) 20 and Dilger et al. (2004) .
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All the pigs were conscious within a short time aer the surgery and were allowed a 10 d recovery period. The pigs were individually housed in smooth-walled and plastic-covered expanded metal ooring cages (1.5 Â 0.8 Â 1.0 m) within a facility equipped with temperature, humidity and light control during the study. The health status of the pigs was monitored at least on a daily basis by manual and visual inspections. Aer 10 d recovering, pigs were given a cocktail of antibiotics treatment (ampicillin, gentamicin, metronidazole, and neomycin (all at 2.4 mg per day) and vancomycin (1.2 mg per day) once daily for 14 consecutive days by oral gavage) except control group to deplete of intestinal microbiota. 22, 23 Aer antibiotic treatment, a 300 mL portion of either sodium chloride solution (control and antibiotics groups) or SCFA mixture (acetic, propionic and butyric acids; 61.84, 18.62, and 12.55 mM, respectively) was injected into each stula three times a day at 08:00, 14:00 and 20:00 hours for 14 consecutive days. The pH of both solutions was adjusted to 6.1 with hydrochloric acid or sodium hydroxide. 24 The whole trial lasted for 28 days.
Fecal sample of each pig was obtained on d 7, d 14 and d 28, and all the fecal samples were collected into the sterile containers immediately for microbial quantity (plate culture) determinations immediately. During days 24-27, feces of each pig was collected, and 10% hydrochloric acid was added to x excreta nitrogen, which was used to measure the apparent total tract digestibility (ATTD) of dry matter (DM), crude ash, crude protein (CP) and ether extract (EE). On d 28, around 3 h post feeding, pigs were anesthetized by intramuscular injection of 10 mg kg À1 BW of zoletil 50 (Beijing Pet Technology Co., Ltd, Beijing, China), and the blood samples were collected from the portal vein into vacuum tubes and then centrifuged (3000 rpm) for 10 min to separate serum. The lengths of small intestine and large intestine were measured, and the duodenum, jejunum, ileum and colon were immediately isolated and preserved in 4% paraformaldehyde solution. This was followed by isolating and preserving the tissues of ileum and colon in phosphate buffer solution (PBS, 4 C), respectively. Aer that, the digesta of ileum, caecum and colon, and measured each pH values were collected. Moreover, the weight of small intestine and large intestine were detected and recorded. In addition, the tissues and mucosa of ileum, caecum and colon were immediately collected and stored at À80 C. The intestinal index was carried out by the formulas: relative length of intestine (mm g À1 ) ¼
intestinal length/body weight Â 100, relative density of intestine (g cm À1 ) ¼ intestinal weight/intestinal length, relative weight of intestine (%) ¼ intestinal weight/body weight Â 100.
Short-chain fatty acid
Acetic acid, propionic acid, butyric acid and total SCFAs in serum, ileal, caecal and colon digesta samples were separated and then quantied using a gas chromatographic system (VARIAN CP-3800, Varian, Palo Alto, CA, USA) as previously described by Diao et al. (2014) .
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Enumeration of total aerobic bacteria and total anaerobic bacteria by plate culture
The fresh fecal samples were homogenized for 5 min aer adding 1 : 9 sterile PBS, and serial dilutions (1 : 10) were prepared from 10 À2 to 10 À8 . Diluted samples were plated on BHI medium (Hopebio, Qingdao, China) following anaerobic and aerobic incubation at 37 C for 24 h to count total aerobic bacteria and total anaerobic bacteria. All bacteria were counted as total CFU g À1 feces, and expressed as log 10 CFU g À1 for statistical analysis.
Apparent total tract digestibility
The ATTD was determined by endogenous tracer method, using acid-insoluble ash (AIA) as indicator. AIA in both diets and feces were measured by a method described by Chinese National Standard (GB/T 23742 
Histology of intestine
The duodenum, jejunum and ileum were removed from pigs and xed in 4% paraformaldehyde solution, and then were dehydrated and embedded in paraffin wax. Intestinal sections of 5 mm were cut, installed and stained with hematoxylin and eosin to detect the morphology of the intestinal tissues. Ten well orientated sections (villi height and their adjoined crypts) of each sample were photographed and measured using the light microscope (Olympus, Tokyo, Japan) combined with a digital microscope camera (Olympus Optical Company, Guangzhou, China) and an image-processing soware (ImagePro Plus 4.5, Silver Spring, MD, USA) at 100Â magnication. The numbers of goblet cells were determined using alcian blue and periodic acid Schiff (AB-PAS). 26 All the observations were determined by a single experimenter who was blind to the treatments.
Total protein, cytokines, GLP2 and SIgA concentration
The mucosa of ileum, cecum and colon were homogenized aer dilution with sterile saline solution (m/v ¼ 1 : 9), followed by centrifuging at 2500 rpm min À1 for 15 min, and the aliquots were stored at À20 C. The total protein concentration in the ileal and colonic mucosa was determined using commercial kits (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China). The glucagon-like peptide 2 (GLP2), secretory immunoglobulin A (SIgA), interleukin-10 (IL10), interleukin-8 (IL8) and tumor necrosis factor-a (TNFa) concentrations of the ileal, cecal and colonic mucosa were determined using pig Enzymelinked Immunosorbent Assay Kits from R&D system (Minneapolis, MN), and quantied using a BioTek Synergy HT microplate reader (BioTek Instruments, Winooski, VT).
Ileal, cecal and colonic DNA concentration
The genomic DNA was isolated from the frozen ileum, caecum and colon using the TIANamp genomic DNA kit (TIANGEN, Beijing, China) according to the manufacturer's instructions. The concentration of total DNA was analyzed on a spectrophotometer (Beckman Colter DU 800, Beckman Coulter Inc, Brea, USA).
Enumeration of Escherichia coli, Lactobacillus spp., Bidobacterium spp., Bacillus spp., and total bacteria by PCR Bacterial DNA was isolated from the digesta of ileum, cecum and colon using a stool DNA isolation kit (Omega Bio-Tek, Doraville, CA) following the manufacturer's protocol. Primers and probes (Table S3 †) for Lactobacillus spp., Bidobacterium spp., Escherichia coli, Bacillus spp. and total bacteria were acquired from the published papers, 27,28 and commercially synthesized from Sangon Biotech (Shanghai, China). The reaction system and PCR conditions used in present study were referring to Qi et al. (2011) . 27 The Lactobacillus spp., Bido-bacterium spp., Escherichia coli, Bacillus spp. and total bacteria can be detected by the CFX96 Real-Time PCR Detection System (Bio-Rad, CA, USA), and the copies per sample were calculated with Ct-values and standard curve as previously described by Han et al. (2012) . 29 Apoptosis and cell cycle of ileal and colonic epithelial cell by ow cytometry On 28 d, the epithelial cells of ileum and colon were isolated to determine the percentage of apoptotic cells and cell cycle by ow cytometry. Briey, the excised mucosal layer of ileum and colon were immediately isolated, ground and ltered to form a cell suspension. Then, the cells were washed and suspended in phosphate buffer solution at a concentration of 1 Â 10 6 cells per mL. Aer that, 5 mL Annexin V-uorescein isothiocyanate (V-FITC) and 5 mL propidium iodide (PI) were added into 100 mL cell suspension, and incubated at room temperature for 15 min in the dark. This was followed by adding 400 mL 1Â binding buffer, and then mixed thoroughly. The apoptotic cells were carried out using Cell Quest soware by ow cytometry (BD FACSCalibur) within 1 h. Likewise, 1 mL 0.25% Triton X-100 was added into 100 mL cell suspension, then mixed and incubated at 4 C for 30 min, centrifuged at 1000 rpm for 5 min. Aer that, the supernatant was discarded, and 5 mL PI was added. Then incubated at 4 C for 30 min. This was followed by adding 500 mL pre-cooling PBS, and then mixed thoroughly. The cell cycle was measured using
Modit soware by ow cytometry (BD FACSCalibur) within 1 h. The cell proliferation index (PI) was carried out by the formula:
Total RNA extraction, reverse transcription reaction and realtime quantitative PCR Total RNA was isolated from the frozen mucosa of ileum and colon using the TRIzol reagent (Biotechnology Company, Dalian, China) according to the manufacturer's instructions. The cDNA of each sample was obtained by reverse transcription with a PrimeScript RT reagent kit (Biotechnology Company, Dalian, China). The genes related to cell apoptosis and cycle (BCL2, BCL-2, apoptosis regulator; BAX, BCL-2 associated X, apoptosis regulator; CASP3, caspase-3; CCND1, cyclin D1; CDKN1A, cyclin dependent kinase inhibitor 1A), intestinal development (EGF, epidermal growth factor; GCG, also known as GLP2, glucagon; GLP2R, glucagon-like peptide 2 receptor; IGF1, insulin like growth factor-1; IGF1R, insulin like growth factor-1 receptor), digestion and absorption (SLC5A1, also known as SGLT1, solute carrier family 5 member 1; SLC2A2, also known as GLUT2, solute carrier family 2 member 2; SLC30A1, also known as ZNT1, solute carrier family 30 member 1; SLC11A2, also known as DMT1, solute carrier family 11 member 2; SLC7A1, solute carrier family 7), intestinal barrier (MUC1, mucin 1, cell surface associated; MUC2, mucin 2, oligomeric mucus/gel-forming; OCLN, occludin; TJP1, also known as ZO1, tight junction protein 1; CLDN1, claudin-1; IL10, interleukin-10; IL1b, interleukin-1b; IL8, interleukin-8; TNFa, tumor necrosis factor) and SCFAs receptors (FFAR3, also known as FFAR3, free fatty acid receptor 2; FFAR2, also known as GPR43, free fatty acid receptor 2) can be detected by the QuantStudio™ Real-Time PCR System (Thermo Fisher Scientic, Shanghai, China) as described by Diao et al. (2016) . 30 The primers were synthesized commercially by Invitrogen (Shanghai, China), which were listed in Table S2 . †
Statistical analysis
Data were analyzed by ANONA using the statistic soware SAS 9.1 (SAS Inst. Inc., NC) where each pig was the statistical unit. All differences were considered signicant at P < 0.05, whereas P values between 0.05 and 0.10 were considered a trend. All the results were expressed as mean and SEM.
Results
Antibacterial effect of antibiotics (enumeration of cultivable fecal bacteria)
As shown in Table 1 , pigs treated with high dose of antibiotics with/without SCFAs infusion exhibited lower numbers of aerobic bacteria, anaerobic bacteria and total bacteria in feces on d 7, d 14 and d 28 compared to those in the control group (P < 0.05). Moreover, the total fecal bacteria counts of antibiotictreated pigs were more than 10 folds less than the count in untreated pigs on d 7 and d 14, whereas the difference on d 28 is not that high, less than 10 folds.
Short-chain fatty acids and their receptors
When compared to the control group, pigs treated with high dose of antibiotics without SCFAs infusion had lower contents of propionic acid and total SCFAs in the serum and ileum, and lower content of butyric acid in the ileum and colon (P < 0.05, Table 2 ). When compared to the Ab group, high dose antibiotics treatment combined with SCFAs infusion signicantly increased the concentrations of acetic acid, propionic acid, butyric acid and total SCFAs in the serum, ileum and colon, and increased the concentrations of acetic acid, butyric acid and total SCFAs in the cecum (P < 0.05). Meanwhile, compared with control group, Ab group had lower FFAR3 mRNA abundance in the colon and lower FFAR2 mRNA abundance in the ileum and colon (P < 0.05, Fig. 4 ). On the contrary, the relative mRNA expressions of FFAR3 in the colon and FFAR2 in both ileum and colon were higher in AS group than those in Ab group (P < 0.05).
Intestinal index and pH values
The relative lengths of small intestine and total intestine, and the relative weight of large intestine in pigs treated with high dose of antibiotics without SCFAs infusion were lower than those in the control group (P < 0.05, Table 3 ). However, pigs treated with high dose of antibiotics with SCFAs infusion had higher relative length of small intestine and total intestine, and the relative weight of large intestine and total intestine compared with the Ab group (P < 0.05).
High dose of antibiotics supplementation signicantly increased the pH values of digesta in the ileum and cecum compared with the control group (P < 0.05). By contrast, compared with the Ab group, high dose antibiotics treatment combined with SCFAs infusion signicantly decreased the pH values of digesta in the colon (P < 0.05). b Within a row, means a common superscript differ (P < 0.05).
c Without a row, means a common superscript differ (P < 0.05).
Intestinal morphology
Compared with the control group, high dose of antibiotics supplementation signicantly increased the crypt depth and decreased the villus height: crypt depth of duodenum (P < 0.05, Table 4 and Fig. 1) . However, the villus height of duodenum and jejunum and villus height: crypt depth of duodenum, jejunum and ileum in AS group were higher than those in the Ab group (P < 0.05). Additionally, compared with the Ab group, AS group had greater numbers of goblet cells in the ileum and colon (P < 0.05). b Within a row, means a common superscript differ (P < 0.05). c Without a row, means a common superscript differ (P < 0.05).
Apparent total tract digestibility and digestion and absorption-related genes in small intestine
Compared with the Ab group, pigs treated with high dose of antibiotics with SCFAs infusion had higher ATTD of EE, DM, CP, gross energy and crude ash (P < 0.05, Table 5 ). Besides, as shown in Fig. 4 , pigs treated with high dose of antibiotics with or without SCFAs infusion had lower SLC2A2 and SLC11A2 mRNA expression levels in ileum than those in the control group (P < 0.05). Nonetheless, pigs in the Ab group had lower relative mRNA expressions of SLC5A1, SLC7A1 and SLC30A1 in ileum than those in the control group, whereas SCFAs infusion signicantly increased the relative mRNA expressions of SLC5A1, SLC2A2, SLC7A1, SLC30A1 and SLC11A2 compared with the Ab group in growing pigs (P < 0.05).
Intestinal cell apoptosis and cell cycle
Compared with the control group, high dose of antibiotics supplementation signicantly increased the percentages of early apoptotic cells, late apoptotic cells and total apoptotic cells in the colon (P < 0.05, Table 6 and Fig. 2) . However, the proportions of early apoptotic cells of the ileum, late apoptotic cells and total apoptotic cells of the ileum and colon in AS group were lower than those in the Ab group (P < 0.05). Pigs in the Ab group had higher ratio of G 0 G 1 phase cells but lower proportions of proliferation index of the ileum than those in the control group (P < 0.05, Table 6 and Fig. 3) . Compared with the Ab group, SCFAs infusion signicantly decreased the proportions of G 0 G 1 phase cells in the ileum and colon, and increased b Within a row, means a common superscript differ (P < 0.05).
the
Meanwhile, as shown in Fig. 4 , high dose of antibiotics supplementation signicantly increased the relative mRNA expressions of BAX and CASP3 in the ileum, and CDKN1A in the ileum and colon compared with the control group (P < 0.05). Compared with the Ab group, the relative mRNA expressions of ileal and colonic BAX, CASP3 and CDKN1A in the AS group were signicantly decreased, whereas the relative mRNA expressions of BCL2 and CCND1 in the AS group were signicantly increased (P < 0.05).
Intestinal DNA and protein concentrations, and relative mRNA expression of intestinal development-related genes As shown in Table 7 , high dose of antibiotics supplementation signicantly decreased the DNA concentration in the ileum compared with the control group (P < 0.05). Pigs in the AS group had higher concentrations of DNA in the ileum (P < 0.05), cecum (P ¼ 0.071) and colon (P < 0.05), and had higher contents of protein in the ileum, cecum and colon (P < 0.05) than those in the Ab group.
Pigs treated with high dose of antibiotics had lower GLP2R (P ¼ 0.068) and IGF1R (P < 0.05) mRNA abundances in the ileum, lower EGF (P < 0.05), IGF1R (P < 0.05) and GLP2R (P < 0.05) mRNA abundances in the colon compared with the control group (Fig. 4) . Moreover, pigs in the AS group had higher EGF c Without a row, means a common superscript differ (P < 0.05). mRNA abundance in the ileum, GLP2R mRNA abundance in the colon, as well as GCG, IGF1 and IGF1R mRNA abundances in the ileum and colon than those in the Ab group (P < 0.05). In addition, Ab group had lower GLP2 concentration in the ileum (P < 0.05), cecum (P ¼ 0.055) and colon (P < 0.05) compared with the control group, whereas pigs in AS group had a higher GLP2 concentration in the ileum (P < 0.05), cecum (P ¼ 0.055) and colon (P < 0.05) than that in the Ab group (Table 8) .
Intestinal barrier
As shown in Fig. 5 , Ab group had lower CLDN1 mRNA abundance in the ileum, TJP1 and CLDN1 mRNA abundances in the ileum and colon compares with the control group (P < 0.05). Pigs in the AS group had higher TJP1 mRNA abundance in the ileum and colon, OCLN and CLDN1 mRNA abundances in the ileum than those in the Ab group (P < 0.05). Besides, high dose of antibiotics administration signicantly decreased the relative mRNA expressions of MUC2 in the ileum compared with the control group, and SCFAs infusion signicantly increased the relative mRNA expressions of MUC1 and MUC2 in the ileum and colon compared with the Ab group (P < 0.05). Moreover, Ab group had lower relative mRNA expressions of IL10, IL1b and TNFa in the colon and lower IL8 mRNA expression level in both of the ileum and colon compared with the control group, whereas pigs in the AS group had a higher relative IL10 mRNA abundance, and a lower IL8 mRNA abundance in the ileum and colon than those in the Ab group (P < 0.05). Pigs treated with high dose of antibiotics with/without SCFAs infusion signi-cantly decreased the IL1b and TNFa mRNA abundances in the colon, IL8 mRNA abundance in the ileum and colon compared with the control group (P < 0.05). In addition, Ab group had lower contents of IL10 in the ileum and cecum, lower contents of IL8 in the ileum, and lower concentration of TNFa in the ileum and colon, as well as lower contents of SIgA in the colon compared with the control group, and AS group had higher contents of IL10 in the ileum, higher contents of SIgA in the colon and lower contents of IL8 and TNFa in the ileum and cecum compared with the Ab group (P < 0.05, Table 8 ). Finally, high dose of antibiotics supplementation signicantly decreased the numbers of Bacillus spp., Escherichia coli, Lactobacillus spp. and Bidobacterium spp. in the ileum, cecum and colon compared with the control group (P < 0.05, Table 9 ). SCFAs infusion signicantly increased the counts of Bacillus spp., Lactobacillus spp. and Bidobacterium spp., and decreased the counts of Escherichia coli in the ileum, cecum and colon compared with the Ab group (P < 0.05).
Discussion
In order to suppress the interference from endogenous SCFAs produced by gut microbiota and investigate the effects of exogenous infused SCFAs, we attempted to deplete the intestinal microbiota of selected pigs in the present trial by providing gentamicin, ampicillin, metronidazole, vancomycin and neomycin, which were commonly used to deplete gut microbiota on mice. 22, 23 Unfortunately, combination of these antibiotics decreased total viable bacteria in feces only for more than 10 folds on d 7 and d 14, and less than 10 folds on d 28 in our present study. This is inconsistent with the previous research on mice, 22 and the researchers found more than 400 folds decline of microbiota counts in antibiotic-treated mice when compared with untreated mice using this microbiota depletion protocol, suggesting that the microbiota depletion protocol used in mice may not t for pigs, and the antibacterial effects of the antibiotics may depends on the manufacturers, sources and types.
In our previous study, we used beet pulp as a dietary ber source to formulate a high ber diet, through which to explore the effect of high/low ber on gut health in growing pigs. In this research, we obtained two different SCFAs proles of colon, the concentrations of acetic, propionic and butyric acids in highber group and low-ber group are 61.84, 18.62, and 12.55 mM and 40.08, 15.41 and 9.78 mM, respectively. Besides, the promoted intestinal growth and enhanced gut barrier function were found in high ber group compared with low ber group (unpublished). Thus, we chose the SCFAs prole of high ber group in the previous study to explore the effects of intraileal supply of SCFAs on gut health via tting T-cannulas in the terminal ileum of pigs combined with microbiota depletion protocol. As is known to all, SCFAs are produced by the gut microbiota, and the numbers of microbiota are positive associated with SCFAs concentrations. 31 In our present study, pigs treated with high dose of antibiotics without SCFAs infusion had lower contents of acetic acid, propionic acid and total SCFAs in the serum and ileum, and lower content of butyric acid in the ileum, which was generally in accordance with the decreased total viable bacteria and lower relative mRNA expressions of SCFAs receptors (FFAR3 and FFAR2) in the ileum and colon. In a study using sodium butyrate showed that pigs fed with sodium butyrate containing diet had higher serous butyric acid, 32 and the similar results were found in lambs fed diet supplemented with 2.50% butyrate. 33 In consistent, while pigs were infused with SCFAs in our study, higher concentrations of acetic acid, propionic acid, butyric acid and total SCFAs in the serum, ileum and colon, and higher concentrations of acetic acid, butyric acid and total SCFAs in cecum, along with higher relative mRNA expressions of FFAR3 in the colon, and FFAR2 in both ileum and colon were observed, which illustrated that our SCFAs infusion model was successful.
The effects of SCFAs on intestinal cell proliferation are controversial. Previous studies have shown that SCFAs or butyrate suppressed epithelial proliferation, decreased cell viability and induced apoptosis in vitro or cancerous rats.
9,13,34
However, the studies in normal vivo or biopsies are adverse. A study on human colonic biopsies depicted SCFAs incubation for 3 hours resulted in an increase in the proportion of proliferating cells per crypt. 35 Studies in rats also suggested that infusion of SCFAs could stimulate cell proliferation in the small intestine and colon when infused into the ileum or colon, and this effect was implemented via the autonomic nervous system, and was dose-dependent of SCFAs but independent of the presence of gut bacteria.
9,10 Peritoneal injection SCFAs stimulated the mitotic rate of the jejunal crypt cells, 36 attenuated the level of CASP3, increased BCL2/BAX ratio possibly through inhibition of histone deacetylases, which resulted in the inhibition of apoptosis in a rat model. 37 While lack of butyrate induced BAX gene expression paralleled by apoptosis of colonocytes in the proximal colon of guinea pig.
38 Furthermore, the sole study using infusion model on pigs demonstrated cecal infusion of butyrate caused a 78-119% stimulation of epithelial cell proliferation in the jejunum, ileum, cecum and colon in suckling piglets. 12 The stimulative proliferation effect was also observed in our study, the proportions of ileal and colonic apoptotic cells and G 0 G 1 phase cells in SCFAs infusion group were lower, whereas the proportions of S phase cells, G 2 M phase cells and proliferation index were higher than those in the Ab group, which were along with lower relative mRNA expressions of BAX, CASP3 and CDKN1A, and higher relative mRNA expressions of BCL2 and CCND1. SCFAs have apparently paradoxical effects on cellular proliferation and apoptosis, as they show stimulative proliferation effect in in vivo of normal gut or b Within a row, means a common superscript differ (P < 0.05).
c Without a row, means a common superscript differ (P < 0.05). b Within a row, means a common superscript differ (P < 0.05).
the situations where the energy status of the intestinal epithelial cells is impaired, as well as germ free condition, ber free diet and parenteral nutrition, and SCFAs display inhibitive proliferation effect in tumor cells, which depends on factors such as the intracellular milieu, availability of other metabolic substrate and the level of exposure. 39, 40 Due to the Warburg effect, glucose is the primary energy source using by cancerous colonocytes, so butyrate accumulated and functioned as an HDAC inhibitor, and thereby inhibits proliferation. However, when the Warburg effect was prevented from occurring, butyrate stimulated the proliferation of cancerous colonocytes, which could interpret the paradoxical effects of SCFAs, especially butyrate. 41 Thus, we are condent that, in growing pigs, intraileal SCFAs infusion could stimulate cell proliferation.
In addition to promote cell proliferation, intracolonic infusion of butyrate or a combination of SCFAs for 7 days increased the concentrations of mucosal protein, RNA and DNA, as well as mucosal weight in colon, and increased the DNA concentrations of jejunum and ileum in rats.
11 Intravenously administrated of SCFAs or butyrate to neonatal piglets with 80% jejunoileal resection increased villus height and proliferate cell nuclear antigen expression in the whole intestine. 42 Besides, dietary sodium butyrate supplementation markedly increased villous height and villus height: crypt depth in the intestine of pigs.
32,43
These researches are generally consistent with our study, which demonstrated SCFAs infusion enhanced the relative length and relative weight of intestine, increased the villus height and villus height: crypt depth of duodenum and jejunum, and promoted DNA and protein concentrations in ileum and colon. It is well-known that IGF1, IGF1R, EGF, GLP2, and GLP2R are main regulators of intestine growth, 44, 45 and higher relative mRNA expressions of these genes were found in present study with SCFAs infusion. Nevertheless, in an inconsistent study showed that cecal infusion butyrate did not affect villus height in pigs, and the author pointed out the means in each of the groups for each tissue was small but variable, which covered up the differences.
12
Moreover, we cannot, however, ignore the mediation by gut hormones or humoral factors. 46 In this study, SCFAs infusion groups had higher GLP2 concentration in the ileum and cecum than that in the Ab group. Consistent with this result, intravenous SCFAs supplementation increased ileal RNA, DNA and total protein concentrations, increased proliferation, as well as elevated ileal proglucagon expressions and plasma GLP2 concentration in total parenteral nutrition-rats or neonatal piglets with 80% jejunoileal resection. 42, 47 It is known to all, enteroglucagon is one of the most prominent hormones inu-enced mucosal growth, and intestinal proglucagon mRNA level and proglucagon-derived peptides concentrations are correlated with cellular proliferation during intestinal adaptation, 48 indicating SCFAs may be physiologic stimulators and inuence intestinal proliferation and growth by stimulating proglucagonderived peptides secretion. 49 In addition, mice lacking FFAR3 or FFAR2 exhibited reduced SCFA-triggered glucagon-like peptide-1 (GLP-1) and PYY secretion in vitro and in vivo, suggesting SCFAs stimulate hormone secretion via the SCFAs receptors.
50,51
In our study, the ATTD of EE, DM, CP, gross energy and crude ash, and the relative mRNA expression of SLC5A1, SLC2A2, SLC7A1, SLC30A1 and SLC11A2 in SCFAs infusion group were greater than those in the Ab group. In a study measured by Ussing-type chambers revealed that mucosal medium supplemented with SCFAs increased net calcium absorption in isolated epithelium in rats. 52 Intravenous SCFAs supplementation elevated ileal GLUT2 mRNA expressions in total parenteral nutrition-rats. 47 In a denervated autoperfused dog colon preparation, colonic instillation with acetate or a combination of SCFAs increased colonic blood ow and oxygen uptake. 53 Besides, SCFAs also stimulated the colonic motility in rats. 54 Taken together, there is an evidence that SCFAs may have a nutritional effect on the intestinal epithelium, further promote intestinal growth, and thus improve the digestive and absorptive functions.
As the metabolites of intestinal microbial fermentation of undigested carbohydrates in the hindgut, SCFAs is not only crucial for energy salvage and absorption of salt and water in the colon, but may also be the essential factor for the mediating intestinal barrier function. 7, 55 In physiological concentrations, SCFAs have been shown to increase transepithelial electrical resistance, promote intestinal epithelial restitution and cause a concentration-dependent decrease in paracellular permeability in vitro.
56,57 Similar results were found by using colonic tissues from newborn rats. 58 These results further prove that SCFAs promote epithelial barrier function at both tissue and animal level. It is well recognized that tight junction, adherens junction and desmosome are main components of the intestinal physical barrier between epithelial cells. 59 Claudins and OCLN are the major transmembrane proteins that conducted to the paracellular seal, while TJP1 is a cytoplasmic plaque protein which interacts with cytoskeletal proteins and transmembrane proteins. 60 The assembly of the tight junction proteins plays key role in the formation and maintenance of gut barrier. 61 Our study revealed SCFAs infusion enhanced the relative mRNA expressions of TJP1, OCLN and CLDN1 in the ileum and colon compared with the Ab group. Likewise, the promoted intestinal physical barrier function of butyrate was likely to be explained by the increased levels of expression of OCLN and TJP1 in IPEC-J2 cells and the up-regulation of CLDN1 transcription in cdx2-IEC cells. 14, 62 In the Caco-2 cell monolayer model, SCFAs or butyrate enhanced the intestinal physical barrier function by depleting intracellular O 2 , stabilizing the transcription factor HIF-1, leading to facilitate the assembly of tight junctions, and this dynamic process is regulated by the activation of AMPK or HIF-1, 15, 63 suggesting SCFAs could maintain the integrity of intestinal barrier via AMPK and HIF-1.
SCFAs have also been implicated in regulating the immune response. 64 Previous study has shown that SCFAs could downregulate the pro-inammatory cytokines gene expressions in intestinal epithelial cells induced by LPS, and thus beneted for epithelial immune barrier function. 16 It has been proposed that certain effects of SCFAs on gut function may occur through two SCFAs receptors. 65 In studies on colitis revealed that exacerbated inammation reaction was found in FFAR2-decient mice, 66 and SCFAs modulated the size and function of the c Without a row, means a common superscript differ (P < 0.05).
colonic Treg pool in a FFAR2-dependent manner, 67 suggesting stimulation of FFAR2 by SCFAs is essential for the normal resolution of certain inammatory responses. Likely, disordered immune response was observed in FFAR3 and FFAR2-decient mice, and SCFAs motivated FFAR3 and FFAR2 on intestinal epithelial cells following administration of ethanol, and thus improved inammatory responses through regulating ERK1/2 and MAPK signaling in mice. 68 In a pig model revealed that dietary sodium butyrate supplementation reduced the TNFa and IL-6 levels in the serum. 43 In accordance with previous studies, SCFAs infusion enhanced the relative mRNA expressions of IL10 and decreased the relative mRNA expressions of IL8, IL1b and TNFa in ileum and colon compared with the Ab group, accompanying with higher content of IL10 in the ileum and lower contents of IL8 and TNFa in the ileum and cecum, which indicated SCFAs were involved in improving intestinal immune barrier through SCFAs receptors.
Furthermore, SCFAs decreased pH values of digesta and inhibited harmful bacteria, further sustained gut microecosystem. 4 In a study in vitro found that the Staphylococcus aureus internalization into bovine mammary epithelial cells was inhibited with the presence of propionic acid. 17 Meanwhile, propionate has been shown to kill Salmonella or Escherichia coli at high acidity (pH ¼ 5). 69 Increase the concentration of butyrate from 0 to 9 mM resulted in elevated adherence of probiotics (Lactobacillus acidophilus ATCC 4356, Bidobacterium longum ATCC 15707), which simultaneously reduced the adherent ability of Escherichia coli.
18 Several animal studies also support such ndings, dietary sodium butyrate supplementation markedly reduced the Clostridium and Escherichia coli, 43 and increased the number of Lactobacillus ssp. in the duodenum and ileum of pigs, 32 and greater SCFAs production have been reported to decrease the numbers of potential pathogens (such as Escherichia coli and Salmonella) in pigs. 70 Similar results were observed in our pig model, SCFAs infusion increased the numbers of Bacillus spp., Lactobacillus spp. and Bidobacterium spp., and decreased the counts of Escherichia coli in ileum and cecum, suggesting SCFAs could decreased pH values, maintain the balance of gut microbiota, and thus improve intestinal biological barrier.
Finally, mucins secreted by goblet cells seem to contribute to a mucus layer between the luminal digesta and the mucosa, which provides a chemical barrier to intestine, and MUC2 is usually the most prominent mucin among the numerous mucins. 71 An evidence showed that there was a positive correlation between the total thickness of the mucous layer and colonic SCFAs concentrations. 72 In our study, SCFAs infusion enhanced the relative mRNA expressions of MUC2, accompanied with higher number of goblet cells, which is generally consistent with previous researches. Studies using cell culture models demonstrate that SCFAs stimulate MUC2 expression, leading to a better intestinal epithelial chemical barrier.
73,74
Similarly, butyrate modulates mucin secretion in a dosedependent increase through MAPK signaling pathway, with peak effects at 6 or 9 mM, which was accompanied by the enhancement of the transcriptional levels of MUC2, MUC3, MUC4 and MUC12 in LS174T human colorectal cells.
18 These studies correlate with our present study with respect to the effects of SCFAs on MUC2 expression revealed that SCFAs have the positive effect on intestinal chemical barrier.
Taken together, our study provides a framework on distal ileal infusion of SCFAs in a pig model, which found that SCFAs infusion increased proliferation of epithelial cells, stimulated intestinal DNA and protein concentrations, improved gut morphology and maintained the intestinal barrier through different mechanisms. However, some reports stated that excessive SCFAs could damage the intestinal function, 7,75 so further research is needed to elucidate the effects of different SCFAs concentration with the same ratio on the development of gut.
Conclusion
In summary, treating pigs with high dose antibiotics could approximately decrease total fecal viable bacteria by 10 folds. Distal ileal infusion of SCFAs could increase SCFAs concentrations in serum and intestine, decrease apoptosis of epithelial cells, stimulate intestinal DNA and protein concentrations, improve gut morphology and maintain the intestinal physical barrier, chemical barrier, biological barrier and immune barrier function. Hence, this study provides the very rst systematic evidence in a pig model that distal ileal infusion of SCFAs could stimulate intestinal growth and improve gut barrier function, and thus maintain gut health.
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